ABSTRACT Many studies investigating the ecology and evolution of mosquitoes rely on morphometric measurements related to body size to estimate fecundity. Determining the most reliable estimators of fecundity is therefore an important methodological consideration. We compared the relative accuracy of pupal mass and wing length in predicting the fecundity (number of mature stage IV follicles of the Þrst gonotrophic cycle) for (1) Aedes albopictus (Skuse) reared in the laboratory, (2) Aedes geniculatus (Oliver) reared in the laboratory, and (3) A. geniculatus that completed their larval development in water-Þlled tree holes (their natural habitat) in the Þeld. In all cases, pupal weight and wing length provided highly signiÞcant and equally accurate indicators of fecundity. Furthermore, the measurement error (1 Ϫ repeatability) for both traits was Յ1%. Our results indicate that either pupal mass or wing length can be used with conÞdence to predict fecundity in these two aedine mosquitoes.
effects of intra-and inter-speciÞc competition (Livdahl 1982 , Fisher et al. 1990 , Livdahl and Wiley 1991 , Juliano 1998 , to infer the effects of variation in resource abundance and/or habitat types on Þtness (Hard et al. 1989 , Leonard and Juliano 1995 , Lounibos et al. 1995 , and to model population dynamics Haile 1993a, 1993b) often rely on estimates of fecundity based on morphological measurements related to body size. Clearly the accuracy of these estimates can have important consequences for the results of such studies.
Numerous studies have shown wing length (Packer and Corbet 1989; Briegel 1990a Briegel , 1990b Lounibos et al. 1990; Livdahl and Wiley 1991; Blackmore and Lord 2000; Briegel and Timmermann 2001) , pupal mass (Steinwascher 1982 , Hawley 1985a , Bradshaw and Holzapfel 1992 , or adult body mass (Livdahl 1982 , Steinwascher 1984 , Frankino and Juliano 1999 to be correlated with fecundity in mosquitoes. Furthermore, several studies have demonstrated a correlation between wing length and adult body mass (Christophers 1960 , McCombs 1980 , Lorenz et al. 1990 , Lounibos et al. 1995 , Koella and Lyimo 1996 , or between pupal mass and wing length (Hawley 1985b , Landry et al. 1988 , Blackmore and Lord 2000 . However, to our knowledge no study has yet directly examined the relative performance of pupal mass or wing length for estimating fecundity in a mosquito. Understanding which of these two estimates of body size provides a more accurate indicator of fecundity in mosquitoes represents an important methodological consideration since the relative ease with which these two types of measurements may be obtained will depend upon the exact focus and logistical details of a given study.
We measured pupal mass, adult wing length, and the number of mature (stage IV) follicles produced in the Þrst gonotrophic cycle of the following: (1) Aedes albopictus (Skuse) reared in the laboratory, (2) Aedes geniculatus (Oliver) reared in the laboratory, and (3) A. geniculatus that completed their larval development in water-Þlled tree holes (their natural habitat) in the Þeld. We then performed regressions of both pupal mass and wing length against fecundity (egg batch size) to determine which morphological trait provided a more accurate indicator of fecundity. We also quantiÞed the repeatability of both pupal mass and wing length measurements to assess the measurement error for each trait.
Materials and Methods
Our studies of A. albopictus and A. geniculatus were undertaken approximately 1 yr apart, in different laboratories, but were performed by the same investigators. For both species we used identical techniques of measurement, and nearly identical rearing methods.
Details of the rearing protocol can be found in Armbruster et al. (2000) .
For A. albopictus, Ϸ400 larvae were collected from a recycled tire depot in Vero Beach, FL, in October of 2000. Larvae were transported to the laboratory maintained at a constant 21 Ϯ 1ЊC on a long-day photoperiod of 18:6 (L:D) h and reared through Þve generations under near-optimal conditions. Each of the Þve laboratory generations was composed of at least 50 adult male and 50 adult females in the adult breeding cage.
In the F 6 generation, eggs were stimulated to hatch and larvae were reared at a density of either 20 or 100 per 100-ml petri dish to generate a wide range of different sized females. Larvae were transferred to clean water and fed every Monday, Wednesday, and Friday. Pupae were collected, sexed, and females blotdried on a paper towel and weighed to the nearest 0.1 mg on an electronic balance. Pupae in a plastic cup with a small quantity of water were transferred to individual adult cages composed of an inverted 1liter plastic bucket (12 cm diameter by14 cm tall), with two 6 by 10-cm mesh windows, and provisioned with an organic raisin and lined with moist paper towel. Approximately 3 d after eclosion, females were allowed to blood feed to repletion on a human host. Five days subsequent to blood feeding, carbon dioxide anesthetized females were removed from their cages and killed. Both wings were removed, dry mounted on a slide, and wing length was measured to the nearest 0.1 mm as the distance from the axial incision to the R 4ϩ5 vein excluding the fringe setae (Landry et al. 1988, Packer and Corbet 1989 ) using a slide graticule. Differences between the length of the right and left wings were rare, and when encountered the average value was taken. Ovaries were then removed by dissection, and the number of mature (stage IV) follicles counted.
SacriÞcing females and dissecting out mature follicles after the Þrst gonotrophic cycle to estimate fecundity was considered preferable to allowing females to freely oviposit over several gonotrophic cycles for several reasons. First, data on the parous rate of Þeld caught A. albopictus suggest that the average female only matures a single batch of eggs in nature (Hawley 1988) . Furthermore, this approach avoids the problem of females retaining eggs due to unnatural artifacts of the laboratory environment, which may artiÞcially obscure any relationship between either pupal mass or wing length and egg batch size. Packer and Corbet (1989) report that only 1.3% of parous female Aedes punctor (Kirby) collected at bait contained retained eggs, suggesting that egg retention is probably rare in nature. Finally, this approach has been used in many previous studies of factors affecting fecundity in mosquitoes (Steinwascher 1982 , Lounibos et al. 1990 , Briegel and Timmermann 2001 .
The rearing methods for A. geniculatus were nearly identical to those employed for A. albopictus, with two exceptions. First, we measured pupal mass, wing length, and egg batch size for individuals reared as larvae both in the laboratory and in their natural habitat, the water-Þlled cavities of deciduous hardwood trees (see Armbruster et al. 2000 for details) . Second, our sample of both laboratory and Þeld reared females was composed, in part, of individuals used in a study of inbreeding depression in A. geniculatus (Armbruster et al. 2000) , and thus individuals differed with respect to their expected inbreeding coefÞcient (f). In the laboratory-reared sample, 25 females were outbred stock (expected f ϭ 0), 28 were the product of one generation of full-sib mating (expected f ϭ 0.25), and 24 were the product of two generations of full-sib mating (expected f ϭ 0.375). In the Þeld-reared sample, 52 females were outbred stock (expected in f ϭ 0), 35 were the product of one generation of full-sib mating (expected f ϭ 0.25), and 15 were the product of two generations of full-sib mating (expected f ϭ 0.375). However, in our earlier study there was no indication that mass-speciÞc fecundity was affected by inbreeding (Armbruster et al. 2000 Þgure 4C; F ϭ 0.39; df ϭ 2, 132; P ϭ 0.68) or inbreeding-by-environment (laboratory versus Þeld) interaction (Armbruster et al. 2000 Þgure 4C; F ϭ 0.22; df ϭ 2, 132; P ϭ 0.80). These conclusions are also true for both mass-speciÞc and wing-length-speciÞc fecundity in our slightly larger data set presented in the current investigation (see below).
We computed weight-speciÞc fecundity as the number of mature (stage IV) follicles per female divided by pupal mass. We then used WelchÕs modiÞed 2-sample t-test, which does not assume equal variances between samples (Mathsoft 1999) , to test for differences in weight-speciÞc fecundity between (1) laboratory-reared A. albopictus and laboratoryreared A. geniculatus, and (2) Þeld-and laboratoryreared A. geniculatus.
We performed least-squares regression in S-Plus 2000 (Mathsoft 1999 ) of log 10 pupal mass versus log 10 fecundity and log 10 wing length versus log 10 fecundity for (1) A. albopictus reared in the laboratory, (2) A. geniculatus reared in the laboratory, and (3) A. geniculatus reared in water-Þlled tree holes. We choose log 10 versus log 10 regression following Siegel et al. (1992) who found this approach to be the most effective for maximizing the goodness-of-Þt between estimates of body size and fecundity in both Aedes and Culex mosquitoes, and therefore in deÞning the most accurate predictive equation relating estimates of body size to fecundity.
We tested the relative accuracy of pupal mass and wing length in predicting egg batch size by comparing the coefÞcient of determination (r 2 ) for pupal mass versus egg batch size and wing length versus egg batch size regressions. For each regression, we constructed estimates of the standard error of r 2 by performing 500 bootstrap iterations (i.e., resampling data points with replacement).
To examine whether Þeld-and lab-reared A. geniculatus differed in the relationship between either pupal mass or wing length and fecundity we performed analysis of covariance (ANCOVA) (Zar 1984) to test for the differences in intercept or slope with pupal mass or wing length as a covariate, fecundity as the response variable, and environment (lab versus Þeld) as a Þxed effect.
We also measured the repeatability of both pupal mass and wing length to quantify the measurement accuracy for these two traits. We performed 10 replicate measurements of each of 10 A. geniculatus wings presented in haphazard order by one investigator without disclosing wing identity so that measurements were made with no knowledge of previous measurement values. Similarly, we performed six replicate measurements of the mass of 10 A. albopictus pupae with no knowledge of previous measurement values. The repeatability, r, was then calculated as described in Lessells and Boag (1987) .
Results
Aedes geniculatus were both larger and more variable in body size as estimated by both pupal mass and wing length than A. albopictus, but tended to produced smaller batches of eggs (Table 1) . Weight-speciÞc fecundity of laboratory-reared A. albopictus was greater than that of A. geniculatus reared in the laboratory (t ϭ Ϫ24.73, df ϭ 82, P Ͻ 0.001), but did not differ between Þeld-and laboratory-reared A. geniculatus (t ϭ Ϫ0.90, df ϭ 166, P ϭ 0.37).
The pupal-mass-speciÞc fecundity of A. geniculatus was not related to the expected level of inbreeding (F ϭ 1.51; df ϭ 2, 173; P ϭ 0.22), regardless of whether individuals completed their larval development in the laboratory or Þeld (F ϭ 0.32; df ϭ 2, 173; P ϭ 0.73). Similarly, wing length-speciÞc fecundity was also unaffected by inbreeding (F ϭ 0.96; df ϭ 2, 173; P ϭ 0.38), regardless of the environment experienced during larval development (F ϭ 1.27; df ϭ 2, 173; P ϭ 0.28). Therefore, inbreeding depression did not affect pupal-mass-speciÞc or wing-length-speciÞc fecundity in A. geniculatus.
For A. albopictus, wing length explains 79% (SE ϭ 4%) of the variation in fecundity (Fig. 1a) , pupal mass explains 83% (SE ϭ 3%) of the variation in fecundity (Fig. 1b) , and these r 2 values do not differ by more than two standard errors. Thus, both pupal mass and wing length provide equally reliable and highly accurate predictors of fecundity in A. albopictus.
For A. geniculatus reared as larvae in the laboratory, wing length explains 60% (SE ϭ 9%) of the variation in fecundity (Fig. 2a) , pupal mass explains 61% (SE ϭ 10%) of the variation in fecundity (Fig. 2b) , and these r 2 values do not differ by more than two standard errors. Therefore, pupal mass and wing length of A. geniculatus reared in the laboratory are equally accurate indicators of fecundity. The pupal mass and wing length data for A. geniculatus reared in the laboratory (Fig. 2 a and b) are somewhat unevenly distributed, which contributes to the higher standard error of r 2 relative to A. geniculatus reared in the Þeld and A. albopictus.
For A. geniculatus reared as larvae in the water-Þlled cavities of deciduous hardwood trees, wing length explains 68% (SE ϭ 4%) of the variation in fecundity (Fig. 2c) , and pupal mass explains 69% (SE ϭ 4%) of the variation in fecundity (Fig. 2d) . These r 2 values do not differ by more than two standard errors, and therefore both pupal mass and wing length of A. geniculatus reared in the Þeld provide equally accurate indicators of fecundity. Furthermore, the r 2 values for both pupal mass and wing length for Þeld reared individuals do not differ by more than two standard errors from the respective r 2 values for laboratory reared A. genicula- tus. The reliability of pupal mass and wing length as indicators of fecundity is thus equivalent for A. geniculatus which completed their pre-adult development in either the laboratory or Þeld.
ANCOVA (ANCOVA) indicates that for A. geniculatus the pupal mass versus fecundity regressions do not differ signiÞcantly between lab (Fig. 2b) and Þeld (Fig. 2d ) reared samples in either slope (F ϭ 3.98; df ϭ 1, 175; P ϭ 0.10) or intercept (F ϭ 0.00; df ϭ 1, 176; P Ͼ 0.99). Similarly, the wing length versus fecundity regression for A. geniculatus did not differ between lab (Fig. 2a) or Þeld (Fig. 2c ) in either slope (F ϭ 2.43; df ϭ 1, 175; P ϭ 0.24) or intercept (F ϭ 0.11; df ϭ 1, 176; P ϭ 0.74). These results indicate that the pupal mass versus fecundity and wing length versus fecundity regressions obtained with laboratory reared A. geniculatus may be used with conÞdence to predict the fecundity of females that completed their preadult development in the Þeld, and vice versa.
The repeatability (r) of pupal mass was 0.99 (F ϭ 599.63; df ϭ 9, 50; no ϭ 6), and the repeatability of wing length was also 0.99 (F ϭ 6408.4; df ϭ 9, 90; no ϭ 10). The measurement error for both traits is thus Ͻ1%, indicating both traits can be measured consistently with a high degree of accuracy.
Discussion
We found that fecundity (egg batch size of the Þrst gonotrophic cycle) increased with both increasing pupal mass and wing length (estimates of body size) in both A. albopictus and A. geniculatus, a result that appears to be general for the Culicidae (Hawley 1985a , Clements 1992 . Our wing length versus fecundity regression for A. albopictus is very similar to results obtained by Blackmore and Lord (2000) who described a ln(egg number) ϭ 2.35 ϩ 0.69 (wing length) linear regression for a population of A. albopictus from Vero Beach, FL. Our data when transformed accordingly yield a highly signiÞcant (P Ͻ 0.001) regression equation of ln(egg number) ϭ 0.79 ϩ1.4 (wing length), although our coefÞcient of determination (r 2 ϭ 0.78) is much higher than that of r 2 ϭ 0.12 obtained by Blackmore and Lord (2000) . Our data also provide a higher r 2 value than that of Livdahl and Wiley (1991) who reported a regression between wing length and fecundity in A. albopictus with an r 2 ϭ 0.03. One possible reason that we obtained a much higher r 2 in our study is that in these previous investigations females were allowed to oviposit freely, and dissections were not performed to check for retained eggs. Egg retention may therefore have introduced considerable random variation into these experiments, which is unlikely to be relevant to mosquitoes in nature (Packer and Corbet 1989) . This interpretation is supported by the results of Lounibos et al. (2002) , who also report a regression between wing length and fecundity in A. albopictus. They accounted for retained eggs, and obtained an r 2 ϭ 0.71 (with untransformed data), a value similar to ours.
Our data on the size and fecundity of A. geniculatus summarized in Table 1 also agrees quite closely with the previously published data (Yates 1979 ) for this species. Yates (1979) found a range of egg batch sizes from 29 Ð135 eggs (mean ϭ 69.8) for 67 A. geniculatus from Monks Wood, UK. Yates (1979) also found a highly signiÞcant relationship between wing length and fecundity in A. geniculatus (r 2 ϭ 0.86), but did not report the speciÞc regression equation or any data on wing lengths obtained in his study.
The data in Table 1 also demonstrate a higher sizespeciÞc fecundity in A. albopictus than in A. geniculatus. Previously published data also indicate that A. albopictus (Sota 1993) produces smaller eggs than A. geniculatus (Hawley 1985a) . Therefore, the higher weight-speciÞc fecundity of A. albopictus than A. geniculatus is at least in part due to a tradeoff between egg size and egg number. Aedes albopictus produces more, smaller eggs than does A. geniculatus.
The most important conclusion of this study is that pupal mass and wing length provide equally accurate predictors of fecundity in both A. albopictus (Fig. 1) and A. geniculatus (Fig. 2) . Furthermore, this conclusion is true for A. geniculatus reared as larvae both in the laboratory (Fig. 2 a and b ) and in the Þeld (Fig. 2 c  and d ). Regressions performed with untransformed data, or wing length 3 versus fecundity, produced results entirely consistent with our conclusions based on log 10 versus log 10 regressions. In all cases log 10 versus log 10 regression provided an equal or better Þt to the data than untransformed or wing length 3 versus fecundity regressions, but the improvement in r 2 values due to log 10 versus log 10 regression when it did occur was always low (Ͻ8%).
The practicality of measuring pupal mass versus wing length to estimate fecundity will almost always depend upon the particular details of a given study. Our results indicate that both measures can be used with conÞdence in A. albopictus and A. geniculatus. Both pupal mass and wing length can be measured accurately, and both measurements provide equally accurate estimates of fecundity.
